Investigation of the Time-invariance and Causality of a Machine Tool for Performing Operational Modal Analysis  by Putz, Matthias et al.
Available online at www.sciencedirect.com
2212-8271 © 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the International Scientific Committee of 7th HPC 2016 in the person of the Conference Chair 
Prof. Matthias Putz
doi: 10.1016/j.procir.2016.04.052 
 Procedia CIRP  46 ( 2016 )  400 – 403 
ScienceDirect
7th HPC 2016 – CIRP Conference on High Performance Cutting 
Investigation of the time-invariance and causality of a machine tool for 
performing operational modal analysis 
 Matthias Putza,b, Volker Wittstocka, Martin Kolouchb, Jan Bertholda*   
aTechnische Universität Chemnitz, Professorship for Machine Tools and Forming Technology, Reichenhainer Str. 70, 09126 Chemnitz, Germany 
bFraunhofer Institute for Machine Tools and Forming Technology (IWU), Reichenhainer Str. 88, 09126 Chemnitz, Germany 
* Corresponding author. Tel.: +49 (0)371 531-33938; fax: ++49 (0)371 531-339388. E-mail address: jan.berthold@mb.tu-chemnitz.de 
Abstract 
The dynamic behaviour of machine tools affects the work-piece quality and productivity. Generally, the difference between the dynamic 
properties at standstill and during machining is neglected by the commonly applied assessment methods for production systems. Operational 
modal analysis takes into account these cutting- and operation-dependent influences. However, operation conditions might cause violation of 
the common measurement assumptions regarding time-invariance and causality. The investigations consider the time-invariance by the 
measurement of frequency response functions over the working space including the evaluation of mode shapes. The causality is evaluated by 
dynamic measurements at TCP excited by feed motions.  
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1. Introduction 
The experimental modal analysis (EMA) is a widely used 
method for investigation of the dynamic behavior of machine 
tools. The results also called modal parameters show the 
mode shapes with corresponding modal damping for excited 
natural frequencies [1]. Generally, the investigated machine is 
excited by a shaker or impulse hammer. The excitation 
represents the input signal and measured vibrations of the 
structure bring out the output signals. In the machine tool 
industry, EMA is mostly applied with single input and many 
output signals at which the excitation point is located at the 
tool center point (TCP). Performing EMA involves an 
investigation of the dynamic behavior during the standstill of 
the machine. However, there is generally a difference between 
the dynamic behavior of a machine tool during machining and 
standstill due to the pre-loading by the static cutting forces or 
the weight of the work-piece and the cutting tool, stiffening 
by the gyroscopic effect resulting from high speed revolution 
of the spindle as well as the process damping [2, 3]. 
Unfortunately, the actual dynamic behavior under operation 
of a machine tool cannot be evaluated by EMA. 
Beside EMA there is another type of the modal analysis 
namely the operational modal analysis (OMA). OMA consists 
in measuring only output signals. This implies that there is not 
a need for a shaker or impulse hammer like in case of EMA. 
Instead of that the machine is excited by actual dynamic loads 
arising during operation. The issue for OMA in machine tools 
lies in generating a broadband excitation by the machining 
process, as addressed in [4]. In general, performing every 
modal analysis assumes a linearity, time-invariance and 
causality of the investigated machine.  
OMA originates from the civil engineering where it is used 
for investigation of large structures like e.g. buildings and 
bridges [5]. In the machine tool industry the application of 
OMA firstly aims at investigation of large machines, which 
are difficult to excite by a shaker properly. Furthermore, 
OMA can yield better results in cases of investigation of 
machine tools with a nonlinear behavior. In such cases, due to 
the assumption regarding the linearity, the modal parameters 
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stand for linearized behavior indeed. However, the 
linearization within OMA is performed for real level of 
dynamic loads resulting from the machining process and other 
excitation sources like not constant feed forces/moments, 
changing acceleration, unbalanced inertial masses, gears, 
vibration of the ground floor etc.  
A machining process requires relative movement between 
several machine parts. The changed position of those parts 
can cause a changed dynamic behavior of the machine. If 
OMA were performed over various positions involving the 
changing dynamic behavior, the extracted modal parameters 
would represent an averaged dynamic behavior over these 
positions and thus they would be less meaningful. Therefore, 
the tool path for the machining process should be planned in 
term of minimal changes in the dynamic behavior.  
This paper aims at determining such a tool path when 
conducting OMA. Thus the focus is brought to the changed 
dynamic behavior in dependence on the machine part 
position. A three axis milling machine was chosen as test 
stand for investigations. For better understanding, the changes 
of the dynamic behavior are also analyzed by mode shapes, 
extracted by EMA. 
The most significant excitation in a machine tool is the 
machining process. Nevertheless, there are other excitation 
sources as mentioned above. If OMA is performed, these 
excitation sources are included in the evaluation of the modal 
parameters and thus they do not affect the results in term of 
violated assumption of causality. However, the level of 
vibrations at TCP caused by these excitation sources should 
be known in order to properly design the operational 
conditions for OMA. Thus, this paper further presents 
measured vibration at TCP during movements along NC-axes. 
2. Modal parameters of investigated machine 
 The modal parameters of the investigated machine tool, a 
3-axis milling machine shown in Figure 1, are extracted by 
using EMA. For this purpose, the machine was excited by an 
electro-magnetic shaker at the point of excitation located 
closely to TCP (see Figure 1).  
 
The exciting force lied on the x-y plane diagonally. The 
responses of the machine on the excitation were captured by 
tri-axial acceleration transducers at 95 locations (see Figure 
1). This experimental setup allows estimating totally 285 
Frequency response functions (FRF), which were used for 
mathematically identification of the modal parameters by a 
curve fitting. The results for the investigated frequency range 
from 7 to 400 Hz yield 21 mode shapes. 
The mode shapes being relevant for further investigations 
are listed in Table 1 including the natural frequencies, modal 
damping ratios and briefly description. The description 
supplements the Figure 2. The first mode shape at 14 Hz is a 
rigid body mode of the machine. All other mode shapes result 
from deformations of machine parts.  
 
Table 1. The extracted mode shapes  
# Freq.  
[Hz] 
Damp. 
 [%] 
Characteristics of the components  
1 14 2,97 tilting of the whole machine around z 
2 56,2 0,81 bending of column around z, translation table, 
elliptic movement of TCP in x,y - plane 
3 74,6 3,89 torsion of column around y, torsion of the bed 
around z, TCP moves elliptic in x,y and x,z plane 
4 102 3,89 bending vibration of ball screw drive of the y-axis, 
torsion of column around y 
5 135 0,27 bending of the bed in x-direction 
6 256 0,77 headstock tilts around y, torsion of the column 
around y, bending of the bed 
3. Experimentally investigation of the time-invariance 
In order to investigate the changed dynamic behavior in 
dependency on position of machine parts, FRF are 
experimental estimated at different TCP positions. The TCP 
positions are located on the x-y plane. The plane is divided 
into a 5ྶ5 matrix. Figure 3 depicts all these TCP positions 
including their x and y coordinate in mm according to the 
machine coordinate system. The point and direction of the 
excitation correspond to those from EMA. The response on 
the excitation is captured by a tri-axial accelerometer directly 
at the excitation point in all three coordinates of the machine 
coordinate system which leads to 75 experimentally estimated 
FRF. Due to the high number of the FRF the machine was 
excited by an impulse hammer.  
Figure 1 Machine tool and wire frame model used in EMA 
Figure 2 Mode shapes at several eigenfrequencies 
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Figure 4 shows a comparison of two estimated FRF for 
excitation by the shaker and the impulse hammer. It is 
obvious that there is a good correlation between FRF for these 
two manners of excitation. Thus the extracted mode shapes by 
EMA can be assigned to the peaks of FRF estimated from 
measurements with impulse hammer. The lightly differences 
result from non-linear behavior of the machine due to the 
different force levels at excitation by the shaker and the 
impulse hammer.  
The evaluation of the results is performed in two ways. 
The first way consists in overlaying experimentally estimated 
FRF for every response direction like exemplary depicted for 
the x response in Figure 5. In the upper part of this figure the 
influence of the changed position in y direction (at central x 
position) on the FRF is shown. It is obvious that the changing 
y position does not affect the dynamic behavior in the 
frequency range from 7 to 150 Hz. In the higher frequency 
range, i.e. from 150 Hz to 400 Hz, some significant changes 
in the dynamic behavior can be observed. Similarly, the 
dynamic behavior is less sensitive to changing x position (at 
central y position) in the frequency range from 7 to 100 Hz 
unlike in the higher frequency range. 
This evaluation of the changed dynamic behavior over the 
working area has a subjective character. In order to make the 
evaluation more objectively, the Frequency response 
assurance criterion (FRAC, see [6]) is employed for 
quantifying a difference between two FRF’s. In case of a 
perfect accordance of two FRF, FARC is equal to 1. In the 
opposite case, i.e. there is no correlation, FARC amounts to 0. 
Figure 6 shows the evaluated FARC as a scale for the changed 
dynamic behavior in dependency on changing x and y 
position. The various x and y positions correspond to the rows 
and columns of the 5ྶ5 matrix in Figure 3, respectively. The 
estimated FRF at position x=500, y=350, z=200 is assumed to 
be a reference and thus the FARC for this position is always 
equal to 1. The upper three matrices in the Figure 6 
correspond to FRF for response in x direction and 
analogically the lower three matrices to the response in y 
direction. Furthermore, there are three columns in Figure 6 for 
different frequency ranges. The evaluation with FARC shows 
that the dynamic behavior of the investigated machine in the 
frequency range from 7 to 100 Hz is almost not affected by 
the movement of the y axis unlike the x axis. This implies that 
the feed motion during OMA for this frequency range should 
lie in the y axis between 200 and 500 mm. If the higher 
frequency range from 200 to 400 Hz (see matrices in the right 
column in Figure 6) is investigated, the feed motion in x 
direction seems to be more appropriate, e.g. x between 500 
and 900 mm at y=650 mm or at x=350 mm. In general, it is 
very difficult to design an appropriate feed motion for the 
whole frequency range from 7 to 400 Hz. In the frequency 
range from 7 to 100 Hz, the bed behaves approximately as a 
rigid body and its movements are dominating in the mode 
shapes. Nevertheless, the bed movements are affected by the 
column position due to its high weight. This leads to a 
dependency of the dynamic behavior on the x position. It is 
very interesting that the position of the headstock affects the 
dynamic behavior in very low level. In the higher frequency 
range (from 200 to 400 Hz), the rigid body movements of the 
bed are negligible and the mode shapes are dominated by 
rigid body movements of the headstock and local 
deformations in the column and in the bed. This explains why 
the dynamic behavior is very sensitive to a changed TCP 
position in this frequency range.  
4. Experimentally investigation of the causality 
Generally, the causality is not an issue for performing 
OMA. Nevertheless, the vibrations on the TCP not excited by 
the machining process are investigated for better 
interpretation of results obtained with OMA. The vibrations 
were measured 35 times during a motion of a NC-axis in 
distance of 600 mm. The measurements for every NC-axis 
were performed at different constant feed rates 1000, 5000 
and 10000 mm/min. 
 
Figure 3 FRF measurement positions along x and y direction 
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Figure 4 Comparison of FRF's at TCP measured by Shaker and Hammer 
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Figure 5 FRF for response in x-direction at different positions 
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Figure 7 shows contour plots that evaluate the results. The 
abscissa shows the frequency (spread from 7 to 400 Hz) and 
the ordinate indicates the 35 measurement runs. The contours 
depict the vibration amplitude. 
The evaluation shows that the vibration amplitudes are 
constant over all measurements, i.e. during the motion. Figure 
7 representatively depicts the evaluated amplitudes for feed 
motion in y axis at 1000 mm/min. The contour plots are 
supplemented by amplitude frequency functions to assign an 
amplitude value to a contour. The maximal amplitude value 
amounts to 0.28 μm at the lowest frequency, i.e. 7 Hz. This 
value decreases with the frequency significantly so that it is 
approximately 10 times lower at 100 Hz. Considering values 
of the dynamic compliance lying within the range 0.02 – 0.2 
μm/N and the common values of cutting forces (100 – 10000 
N), it is obvious that these vibrations are not dominating. 
Therefore, the influence of the feed rate on the amplitude of 
the displacement at TCP is negligible. 
In contrast to the motion with a constant feed rate, the 
measured vibrations at an accelerated motion are significant 
like shown in Figure 8. This figure represents measured 
vibrations at TCP in the x, y and z direction during 
deceleration of the y axis at 10000 mm/min. It is obvious that 
vibrations in all three directions are significantly excited and 
thus cannot be neglected. It should be further investigated 
how far such excitation is purposeful for OMA. 
5. Conclusion and Outlook  
It is shown that a tool path for a machining process can be 
designed without violating the assumption of the time-
invariance when performing OMA. Furthermore, vibrations at 
TCP during constant and accelerated motion in a NC-axis 
were investigated. The vibrations resulting from the constant 
motions can be neglected unlike those from the accelerated 
motion. Further research will focus on the usage of the 
accelerated motion as an additional excitation for OMA 
beside the machining process. Moreover, the time-invariance 
can be generally proofed by evaluating a spectrogram of the 
power spectral density due to its similarity to the magnitude 
of FRF in case of OMA. 
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Figure 7 Displacement signals measured at TCP during movement of the 
headstock along y-axis 
Figure 8 Excitation in x,y,z direction by stopping of the headstock (Y-axis) 
Figure 6 FARC values (highlighted by colours) of compared FRF’s for responses in x and y directions evaluated in different 
frequency ranges at various NC-positions (see Figure 3). The reference FRF corresponds to position at X=500, Y=350. 
